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Abstract 
A new nano manufacturing method to fabricate minute metal elements on a quartz substrate is reported in this paper. Such 
minute metal elements are useful to develop optical metamaterials, which have artificial optical properties that have not existed 
in nature. Proposed fabrication method in this paper is a kind of templated thermal dewetting, in which the Nano Plastic 
Forming technique is employed to fabricate templated patterns. Firstly, gold thin film is deposited on a quartz glass substrate by 
using a spatter coater. Then, an adequate groove pattern is fabricated using specially designed diamond tools. Finally, the 
substrate is annealed in an electric furnace to induce thermal dewetting. In this experiment, effects of annealing conditions and 
thickness of gold thin film on morphology of the aggregated gold film are studied. In addition, physical modeling of gold 
separation by thermal dewetting is studied. Through the experiments, possibility of Nano Plastic Forming technique on 
fabrication of nano metal element is discussed. 
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1. Introduction 
Minute metal elements are useful to develop optical metamaterials. They have artificial optical properties that 
have not existed in nature. For example, negative refractive index is one of representative optical property of 
metamaterial [1]. Utilizing optical metamaterials, development of many new optical devices such as super-lens 
[2] and optical cloaking [3] is expected. In order to realize optical metamaterials, it is necessary to fabricate metal 
resonator elements smaller than the wavelength of visible light [4]. Although such small metal elements can be 
fabricated by the Electron Beam Lithography or Focused Ion Beam, these methods have disadvantages in terms of 
facility cost, productivity, and convenience of process control. Therefore, a new efficient fabrication technique is 
desired. This paper aims to produce rod shape resonator, which is one of the metamaterial, and to develop an 
efficient nano fabrication method, which does not depend on Electron Beam Lithography or Focused Ion Beam. 
This method is developed by combining the Nano Plastic Forming technique and thermal dewetting process [5].  
 
Nomenclature 
r0 radius of a gold cluster 
S0 area of a gold cluster 
V0 volume of a gold cluster 
T average thickness of gold thin film 
M the number of gold clusters falling for one second 
t coating time 
S total area of gold clusters covering 
N total area of pores 
r radius of a pore 
n total number of pores with the radius of r 
A area of a rectangle grid pattern 
rc radius of a pore becoming the starting point of separation 
nG total number of pores becoming the origin of separation 
nc total number of pores becoming the origin of separation in a rectangle grid pattern 
 
2. Fabrication process of minute metal elements 
Fig. 1 illustrates fabrication process of minute metal elements studied in this paper. Firstly, gold thin film is 
deposited on a quartz glass substrate by using a spatter coater. Secondly, a rectangle groove grid pattern is 
fabricated by Nano Plastic Forming technique and a specially designed diamond tool.  Finally, the substrate is 
annealed in an electric furnace to induce thermal dewetting. Rectangle metal films are expected to aggregate into 
rod shape by the annealing.  
Fig. 2(a) shows the Nano Plastic Forming device. It consists of high precision X-Y stages, a Z stage, a load cell, 
a diamond tool and a control computer. The computer controls the X-Y stages and Z stage. Resolution of the X 
stage and the Z stage is 10 nm, and that of the Y stage is 1 nm. Indentation load is measured by the load cell and 
indentation is controlled by the computer. Specimen is fixed on the X-Y stages. Fig. 3 illustrates the indentation 
process. Firstly, diamond tool is indented to the specimen at the predetermined load (0.1 ~ 0.8 N). Secondly, 
diamond tool is returned to initial position. Thirdly, X-Y stages are moved to the next position. Repeating this 
process, arbitral rectangle patterns can be fabricated on the specimen. Fig. 2(b) shows the diamond tool used for 
the Nano Plastic Forming experiment. Its edge angle is 60 degrees, and its width is 1.5 mm. 
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Fig. 1.  Fabrication process of minute metal elements. 
 
 
Fig. 2. (a) Nano Plastic Forming device and (b) diamond tool. 
 
 
 
Fig. 3. Schematic diagram of indentation process. 
 
3. Fabrication of rod shape gold 
3.1. Influence of annealing conditions and thickness of gold thin film on thermal dewetting 
Fig. 4(a)-(c) showed the Field Emission-Scanning Electron Microscope (FE-SEM) images of rectangle patterns. 
The length was 500 nm, and the width was 400, 300 and 200 nm. Influence of the thickness of gold thin film on 
thermal dewetting was investigated. Three kinds of gold coated substrates were prepared, whose thickness of gold 
thin films was 10nm, 12nm and 15nm. Then rectangle grid patterns were fabricated as same as those shown in Fig. 
4(a)-(c). Then, patterned specimens were annealed at the temperature of 500 degrees Celsius for 10 minutes.  Fig. 
4(d)-(l) shows FE-SEM images of gold thin films after annealing. From these FE-SEM images, it is found that 
gold rectangle films were aggregated into metal elements of various shapes. In case of Fig. 4(d), (e), (g) and (h), 
the rectangle gold films were separated into plural dots. On the other hands, the gold elements jointed to the 
adjacent elements in case of Fig. 4(i), (k) and (l). Therefore, it is also found that the rectangle gold film can be 
aggregated into regulated rod shape only in case that the grid size is 500 X 200 nm, and thickness is 10 nm.  
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Fig. 4. FE-SEM images of rectangle patterns and after annealing. 
 
3.2. Physical modeling of gold thin film separation by thermal dewetting 
In order to determine adequate grid size, it is important to understand film separation mechanism. In this 
experiment the gold thin film was deposited on a quartz glass substrate by spatter coater. It is known that many 
defects exist in the deposited metal film. This is because gold clusters spattered from the target fall down, and pile 
up on the substrate. Thus, many pores remain between substrate and gold thin film as shown in fig. 5(a). It is 
known that the gold thin film is separated from these pores if radiuses of these pores are greater than rc when the 
substrate is subjected to annealing as shown in fig. 5(b).  
 
 
Fig. 5. Separation of gold thin film from pore. 
 
Consider the unit area of the substrate. The shape of spattered clusters is assumed sphere with the radius r0. 
Then, average thickness of gold thin film T is given by 
MtVT 0 ,  (1) 
where V0 is the volume of a cluster, M is the number of clusters falling on the substrate per a second, and t is the 
spattering time. T, M and t are decided from the spattering conditions. Actual area covered by gold clusters S is 
given by 
)exp(1 0MtSS  ,  (2) 
where S0 is overlapped area of clusters. Therefore, total area of pores N per unit area is given by 
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SN  1 .  (3) 
Here, assume that distribution of number of pores n against the pore radius r is expressed by eq. (4).  
¸¸¹
·
¨¨©
§
  
0
0 exp)( C
rnrfn ,  (4) 
where n0 and C0 are empirical parameters that depend on spattering conditions. Fig. 6 (a) illustrates variation of n 
against r schematically.  
Using eq. (4), the area of pores N per unit area is calculated by 
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Here denote the radius of a pore becoming the origin of separation by rc. The number of the pores grater than the 
radius of rc, which is denoted by nG is given by 
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Then, the total number of pores greater than rc in a rectangle area A, which is denoted by nc, is given by 
Ann Gc u .  (7) 
It is considered that the gold thin film is separated when nc is greater than unity.  
In order to verify abovementioned theory, r0 and rc were assumed to be 0.005 and 0.01 Pm. The value of C0 
was decided to 0.058 based on the experimental results. Symbols in Fig. 6 (b) show variations of separation ratio R 
obtained from the from FE-SEM images against rectangle area A, for three cases of gold film thickness, i.e. 10 nm, 
12 nm and 15 nm. R is ratio of the number of separated rectangle films against the total number of the rectangle 
films. Solid curves in the Fig. 6 (b) represent variation of nc calculated by Eq. (7). This figure indicates that R 
becomes greater than unity when nc becomes greater than unity. Therefore, adequate rectangle grid size and the 
gold thickness can be determined so that nc becomes smaller than unity, when the gold film aggregates into a rod 
element without causing separation. 
 
 
Fig. 6. (a) Relationship between n and r and (b) distribution of R and nc. 
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4. Conclusion 
(1) The metamaterial of the rod shape resonator was produced by combination of the rectangle groove grid 
pattern and the thermal dewetting. The gold aggregated to the rod shape by the templated thermal dewetting 
process by utilizing the Nano Plastic Forming technology. And influence of annealing conditions and 
thickness of gold thin film on morphology of the aggregated gold film were investigated. 
(2) The shape of rod resonator could be controlled to control the rectangle groove grid pattern and the thickness 
of gold. 
(3) The mechanism of the gold thin film separation was clarified by the physical modeling. 
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